Introduction {#S0001}
============

Invasive cervical cancer (CC) is the fourth most common form of cancer worldwide and the second most common in developing countries.[@CIT0001] Despite advancements in radiotherapy and surgical therapy, numerous patients with late-stage CC still experience metastasis and recurrence, particularly in developing countries.[@CIT0002] Hence, sincere efforts are being directed toward the development of effective targeted therapies for CC.

Epigenetic modifiers are widely recognized as targets for therapeutic intervention, owing to their critical roles in regulating gene expression and chromatin integrity in addition to their dysregulation in a range of human pathologies.[@CIT0003] In particular, the nuclear receptor-binding SET domain NSD2 family of histone lysine methyltransferase enzymes, namely NSD1, NSD2/WHSC1/MMSET, and NSD3/WHSC1L1, which are involved in developmental and tumoral pathologies,[@CIT0004] have all been implicated as cancer therapeutic targets.[@CIT0005] The oncogenic role of Wolf--Hirschhorn syndrome candidate 1 (WHSC1) was first reported in multiple myeloma, in which the (4;14)(p16;q32) translocation results in WHSC1 overexpression.[@CIT0006]--[@CIT0008] WHSC1 is also frequently overexpressed in solid tumors, such as in cases of oligodendroglioma, breast, prostate, and head and neck cancers.[@CIT0009]--[@CIT0011] Nevertheless, the genetic characterization of WHSC1, to determine its role in CC metastasis, and signaling coordinated by WHSC1 remain undefined.

To determine the expression pattern of WHSC1 in CC, we profiled the expression status of WHSC1 in various cervical tissues. Moreover, we analyzed the association between WHSC1 expression and clinicopathological characteristics of CC. After examining the effect of WHSC1 on the biological function of C33A cells and human umbilical vein endothelial cells (HUVECs) in vitro, we want to reveal the possible role of WHSC1 in the development and angiogenesis of CC.

Materials and methods {#S0002}
=====================

Patients and tissue samples {#S0002-S2001}
---------------------------

CC and cervical intraepithelial neoplasia tissues were collected from 84 patients (tissue samples for cervical biopsy were punched based on findings from colposcopy) and normal cervical samples were collected from 12 patients who underwent hysterectomy for hysteromyoma between May 2013 and November 2014 at the First Affiliated Hospital of Chongqing Medical University, People\'s Republic of China. None of these patients had received adjuvant therapy until cervical biopsy. All tissue specimens were snap-frozen immediately in liquid nitrogen after harvest, and stored at −80 °C. This study was approved by the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University, and written informed consent was obtained from all patients. All experiments were performed in accordance with relevant guidelines and regulations.

Construction of tissue microarrays (TMAs) and immunohistochemistry {#S0002-S2002}
------------------------------------------------------------------

Cervical tissue TMAs were prepared as described previously. Two-millimeter core TMAs were constructed from each of the collected cervical tissues that were marked by pathologists in Chongqing Medical University. Immumohistochemistry analyses were performed using anti-WHSC1 (ab137429; Abcam) antibodies. Immunohistochemical staining was performed on TMA sections according to the manufacturer's protocol. We used a metastatic carcinoma with high expression of WHSC1 as a positive control in immunohistochemistry. Protein expression was scored and quantified by two independent pathologists blinded to the outcome of the cases.

Cell culture {#S0002-S2003}
------------

CC cell lines SIHA and C33A were maintained in minimal essential medium, supplemented by 10% FBS, 1% penicillin/streptomycin, and 1% Glutamax. HUVECs and HELA cells were maintained in DMEM medium, containing 10% FBS, 1% penicillin/streptomycin, and 1% Glutamax. Human embryonic kidney (HEK) cells were maintained in DMEM/F12K medium, with 10% FBS, 1% penicillin/streptomycin, and 1% Glutamax. All cells were purchased from the cell bank of the Chinese Academy of Sciences.

Lentiviral vector and transfection {#S0002-S2004}
----------------------------------

Lenti-WHSC1-EGFP-mir vector and small interfering RNAs (siRNAs) were obtained from Guangzhou Ribobio Biotechnology, Guangzhou, People\'s Republic of China. The siRNA sequences targeting the WHSC1 gene are listed in Table S1. C33A cells were either transfected with Lenti-WHSC1-EGFP-mir or Lenti-EGFP, or siRNAs targeting WHSC1 (Ribobio, Guangzhou, People\'s Republic of China). The knockdown or overexpression efficiency was evaluated by fluorescence microscopy, quantitative reverse transcription PCR (qRT-PCR), and Western blot analysis.

Cell proliferation assay {#S0002-S2005}
------------------------

Cell Counting Kit-8 (CCK-8) (Sigma-Aldrich Co., St Louis, MO, USA) was used to determine cell proliferation. Briefly, C33A cells were seeded onto 6-well plates before treatment with siWHSC1 or siNC, and grown to about 75% confluence over 24 h at 37 °C. Post treatment with siWHSC1 or siNC for 0, 24, 48, 72, 96, 120, and 144 h, cells were washed thrice with PBS and 100 µL/well of PBS was added to each well. Next, 10 µL of the CCK-8 working solution (CK04; Dojindo) was added to each well. After incubation at 37 °C for 150 min, the fluorescence intensity of each well was recorded at 450 nm using a fluorescence microplate reader (BioTek, Winooski, VT, USA).

Cell migration and invasion assays {#S0002-S2006}
----------------------------------

Cell migration and invasion ability were analyzed using cell migration assay kits (R&D Systems Inc., Minneapolis, MN, USA) following the manufacturer's protocols.

Tube formation assay {#S0002-S2007}
--------------------

At first, 96-well plates were coated with Geltrex Reduced Growth Factor Basement Membrane Matrix (Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA) (50 μL/well) and incubated at 37 °C for 30 min to allow gelation to occur. HUVECs were added on top of the gel at a density of 50,000 cells/wells and cultured in M200 medium containing 50 μL conditioned medium freshly collected from C33A cells subjected to Lentivirus transfection for 6 h. After incubation for 6 h, tube formation was monitored and photographed under a phase-contrast microscope (Olympus Corporation, Tokyo, Japan). Tube-like structures exceeding 3 joint points were counted.

Western blot {#S0002-S2008}
------------

Cells were lysed with 100 µL loading buffer, boiled for 10 min, centrifuged at 12,000 rpm for 1 min, and subsequently stored at −20 °C. The proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. The membrane was blocked with 5% nonfat dried milk in TBST solution at room temperature (about 25 °C) for 1 h and incubated with primary antibodies at 4 °C overnight. The following primary antibodies were used: WHSC1 (1:500; Abcam), p-AKT (1:1,000, 4060; CST), endothelial nitric oxide synthase (eNOS) (1:1,000, ab76198; Abcam), and actin (1:10,000; SunGene Biotech). The membrane was then incubated with anti-rabbit or anti-mouse or anti-goat secondary antibody conjugated with horseradish peroxidase for 1 h at room temperature. Finally, the protein bands were detected by enhanced chemiluminescence (EMD Millipore, Billerica, MA, USA) and band intensities were analyzed by ImageJ software.

Reverse transcription-polymerase chain reaction (RT-PCR) {#S0002-S2009}
--------------------------------------------------------

The target mRNAs in cells and tissues were assessed by the RT-PCR method. The total RNA of cells and tissues was extracted using TRIzol® reagent (Thermo Fisher Scientific) according to the manufacturers' instructions. β-actin was used as an internal control. qRT-PCR reactions were carried out using the SYBR Green One-Step RT-qPCR kit (Thermo Fisher Scientific) according to the manufacturer's instructions. The primer sequences are detailed in [Table S2](#ST0002).

Statistical analysis {#S0002-S2010}
--------------------

All experiments were performed independently at least thrice. All data were analyzed using SPSS 20.0 software (IBM Corporation, Armonk, NY, USA). The χ2 test was used to explore the association between WHSC1 expression and clinicopathological variables. Kaplan--Meier curves and the log-rank test were used for the analysis of survival data. For cellular experiments, all data were expressed as mean±SD of 3 independent experiments performed in triplicate. Statistical significance was assessed with Student's *t*-test or one-way analysis of variance. *P*\<0.05 was considered statistically significant.

Results {#S0003}
=======

Overexpression of WHSC1 in patients with cervical cancer and correlation with clinicopathological parameters {#S0003-S2001}
------------------------------------------------------------------------------------------------------------

To investigate the expression of WHSC1 in CC, immunohistochemistry staining was performed in a TMA containing 96 cervical samples, including cervicitis (18 cases, 18.8%), cervical intraepithelial neoplasia 3 (6 cases, 6.3%), and CC (72 cases, 75%). Thereafter, immunostaining grade analysis was performed based on both the proportion of positively stained cells and the intensity of staining ([Figure 1A](#F0001){ref-type="fig"}). Characteristics of patients with CC are shown in [Table 1](#T0003){ref-type="table"}. The density of WHSC1 was significantly higher in cases of late cancer stage (*P*=0.0040) and poor differentiation (*P*=0.0156); however, it was not significantly higher according to tumor size (*P*=0.4999), lymph node metastasis (*P*=0.5131), and patients' age (*P*=0.5929). WHSC1 mRNA and protein expression levels were more highly expressed in the tumor tissues of patients with CC (*P*\<0.05) ([Figure 1B](#F0001){ref-type="fig"}) than in normal tissues. The Kaplan--Meier survival curves indicated that patients with CC, having high WHSC1 expression, had poorer overall survival rates than those with low expression (log-rank, *P*=0.0250, HR: 2.164, 95% CI: 1.102 to 4.25) ([Figure 1C](#F0001){ref-type="fig"}).Table 1Correlations of WHSC1 expression with clinicopathological parameters of patients with cervical cancerClinicopathological parameterCase numberWHSC1*P*-valueLowHigh**Total**725220**Age (years)**\<504433110.5929≥5028199**Tumor size (cm)**\<45844140.4999≥41495**Nodal involvement**Yes14950.5131No584315**Differentiation**Well/moderately6047130.0156\*Poorly1257**Stage**I2200.0040\*\*II28262III422518[^1][^2] Figure 1WHSC1 expression in CC samples. (**A**) WHSC1 expression in tissue microarrays of CC tissue: (a) normal cervical tissues with no or weak WHSC1 expression were read negative; (b) low expression of WHSC1 in CC tissues was +; (c) medium expression of WHSC1 in CC tissues was ++; (d) high expression of WHSC1 in CC tissues was +++. (**B**) WHSC1 mRNA levels in CC tissues. \**P*\<0.05 vs normal tissues or CIN3. (**C**) Kaplan--Meier survival curves of patients with CC, based on WHSC1 expression status.**Abbreviations:** CC, cervical cancer; WHSC1, Wolf--Hirschhorn syndrome candidate 1.

Overexpression of WHSC1 in C33A cells and inhibition by siRNAs {#S0003-S2002}
--------------------------------------------------------------

HELA, SIHA, and C33A cells were used to investigate WHSC1 expression, and HEK cells were used as the control. Results showed that the mRNA and protein levels of WHSC1, eNOS, and AKT were significantly higher in C33A and SIHA cells than in HEK cells ([Figure 2](#F0002){ref-type="fig"}). There was no significant difference between the expression of WHSC1 mRNA in HELA and HEK cells. In addition, both mRNA and protein expression levels of WHSC1 were inhibited significantly by siWHSC1-3\# in C33A cells compared to that in NC cells ([Figure 2](#F0002){ref-type="fig"}).Figure 2Expression levels of WHSC1 in CC cells and its inhibition by siWHSC1 in C33A cells. (**A**) WHSC1 protein levels in cells were detected by Western blot: (a) WHSC1, AKT, and eNOS protein levels in C33A, HELA, SIHA, and HEK cells were detected by Western blot; (b) WHSC1 protein levels were inhibited by siWHSC1 in C33A cells. (**B**) The mRNA levels in cervical cells were detected by reverse transcription PCR and relative quantification analyzed by normalizing to actin mRNA: (a) AKT mRNA levels in C33A and SIHA were higher than those in HEK cells (\**P*\<0.05); (b) mRNA levels of eNOS in C33A and SIHA cells were higher than those in HEK cells (\**P*\<0.05); (c) WHSC1 mRNA levels in C33A and SIHA were higher than those in HEK cells (\**P*\<0.05); (d) WHSC1 mRNA levels were inhibited by siWHSC1-1\# and siWHSC1-3\# in C33A cells (\**P*\<0.05), compared to those in untreated cells. (**C**) The protein levels in cells were detected by Western blot: (a) AKT protein levels in HELA cells were lower than those in HEK cells (\**P*\<0.05); (b) protein levels of eNOS in C33A, HELA, and SIHA cells were higher than those in HEK cells (\**P*\<0.05); (c) WHSC1 protein levels in C33A cells were higher than those in HEK cells (\**P*\<0.05); (d) WHSC1 protein levels were significantly inhibited by siWHSC1-1\# and siWHSC1-3\# in C33A cells (\**P*\<0.05), compared to those in untreated cells.**Abbreviations:** CC, cervical cancer; eNOS, endothelial nitric oxide synthase; HEK, human embryonic kidney; NC, normal control; si, small interfering; WHSC1, Wolf--Hirschhorn syndrome candidate 1.

siWHSC1 inhibits proliferation and suppresses migration and invasion of C33A cells {#S0003-S2003}
----------------------------------------------------------------------------------

To determine the functional role of WHSC1 in cell proliferation, we performed the CCK-8 assay. siWHSC1 treatment significantly inhibited the viability of C33A cells compared to that of control cells ([Figure 3](#F0003){ref-type="fig"}). We performed transwell assays to investigate the effects of WHSC1 on C33A cell mobility. Results revealed that the invasion abilities of C33A cells after siWHSC1 treatment are remarkably reduced compared to that of untreated cells ([Figure 3](#F0003){ref-type="fig"}).Figure 3Effects of siWHSC1 on cell growth, migration, and invasion of C33A cells. (**A**) Effects of WHSC1 inhibition on C33A cell growth were detected by Cell Counting Kit-8 assay: (a) C33A-siWHSC1 in 6 days (×10); (b) C33A-NC in 6 days (×10); (c) growth of C33A cells was inhibited by siWHSC1; \**P*\<0.05, compared to that of siNC-treated cells. (**B**) Effects of WHSC1 inhibition on the migration of C33A cells were detected by Transwell assay: (a) migration of C33A-siWHSC1 cells (×10); (b) migration of C33A-NC cells (×10); (c) inhibition of migration of C33A cells by siWHSC1; \**P*\<0.05, compared to that of siNC-treated cells. (**C**) Effects of WHSC1 inhibition on the invasion of C33A cells were detected by Transwell assay: (a) invasion of C33A-siWHSC1 cells (×5); (b) invasion of C33A-NC cells (×5); (c) inhibition of C33A cell invasion by siWHSC1; \**P*\<0.05, compared to that of siNC-treated cells.**Abbreviations:** NC, normal control; si, small interfering; WHSC1, Wolf--Hirschhorn syndrome candidate 1.

siWHSC1 inhibited angiogenesis in HUVECs {#S0003-S2004}
----------------------------------------

An in vitro tube formation assay, based on HUVECs, was used to observe angiogenesis in C33A cells. HUVECs treated with the conditioned medium of C33A/siWHSC1 cells were significantly inhibited from forming extensive and enclosed tube networks, compared to untreated cells (*P*\<0.05, [Figure 4A](#F0004){ref-type="fig"}).Figure 4Effects of WHSC1 inhibition on angiogenesis were detected by in-vitro tube formation assay and eNOS signaling pathway. (**A**) Effects of WHSC1 inhibition on angiogenesis were detected by in-vitro tube formation assay: (a) angiogenesis of HUVECs was stimulated by the conditioned culture medium of C33A-siWHSC1 (×10); (b) angiogenesis of HUVECs was stimulated by the conditioned cultures media of C33A-siNC (×10); (c) angiogenesis formation of HUVECs was inhibited by the culture medium of C33A-siWHSC1 cells; \**P*\<0.05, compared to that in siNC cells. (**B**) Effect of siWHSC1 on eNOS signaling pathway: (a) the effect of WHSC1 knockdown on the expression of AKT and eNOS was assessed by Western blot in C33A cells; (b) AKT protein levels were not significantly inhibited by siWHSC1 in C33A cells, compared to those in untreated cells; (c) the protein levels of eNOS were significantly inhibited by siWHSC1 in C33A cells, \**P*\<0.05 vs untreated cells.**Abbreviations:** eNOS, endothelial nitric oxide synthase; NC, normal control; si, small interfering; WHSC1, Wolf--Hirschhorn syndrome candidate 1.

WHSC1 knockdown results in increased eNOS expression {#S0003-S2005}
----------------------------------------------------

To examine whether WHSC1 affects eNOS expression in CC, C33A cells were transfected with a Lenti-WHSC1-EGFP-mir vector. The protein expression of eNOS in C33A cells was significantly enhanced by reduced WHSC1 expression, and that of AKT was slightly decreased ([Figure 4B](#F0004){ref-type="fig"}).

Discussion {#S0004}
==========

Aberrant epigenetic changes are considered a hallmark of cancer.[@CIT0012] As a histone lysine methyltransferase enzyme involved in the regulation of epigenetic changes, WHSC1 is upregulated and acts as a tumor promotor in various human cancers.[@CIT0011],[@CIT0013]--[@CIT0015] In the current study, we investigated the role of WHSC1 in CC and explored the underlying mechanism. We found that WHSC1 expression was remarkably increased in CC tissues and cell lines. Furthermore, we verified that WHSC1 promoted cell proliferation, migration, and invasion in CC. Therefore, our data suggest WHSC1 has a crucial role in the development of CC.

We report that WHSC1 expression was significantly increased in CC tissues; the strong positive staining in the tissue samples of CC further supported the results. Additionally, WHSC1 upregulation was positively correlated with the FIGO stage and differentiation, suggesting that WHSC1 might be a possible novel biomarker for poor prognosis of CC. Our results were consistent with those of other studies.[@CIT0016]

NSD2 was initially described as a gene rearranged and linked to regulatory sequences of the immunoglobulin heavy chain gene in t(4;14) multiple myeloma.[@CIT0008],[@CIT0017] In a recent study, researchers reported that WHSC1 represents an "epigenetic hit," collaborating with PTEN loss to promote metastatic transformation.[@CIT0018] Nevertheless, only a few studies have explored the function of WHSC1 in the onset and development of CC. Toward that goal, we investigated the effect of WHSC1 knockdown on proliferation, invasion, and migration of C33A cells. Results showed that C33A cell proliferation, migration, and invasion were significantly decreased when WHSC1 was silenced by siRNA. In addition, tube formation of HUVECs was repressed after knockdown of WHSC1 in C33A cells. These results suggest that siWHSC1 may suppress tumor metastasis by inhibiting tumor cell proliferation, invasion, migration, and tumor angiogenesis. The results suggest that WHSC1 may become a new therapeutic target for CC.

The family of nitric oxide synthases (NOS) comprises inducible NOS, eNOS, and neuronal NOS. Within mammalian cells, a family of NOS enzymes has been shown to be able to generate nitric oxide (NO). The free radical gas NO acts as a novel transcellular messenger molecule in many key physiological and pathological processes.[@CIT0019] High levels of NOS expression (eg, generated by activated macrophages) seem to be cytostatic or cytotoxic for tumor cells, whereas low-level activity may have the opposite effect and promote tumor growth.[@CIT0020] In our study, we found that expression of eNOS in C33A cells was further elevated by WHSC1 knockdown. We speculated that WHSC1 may affect the expression of NO in the microenvironment of CC by regulating the NOS signaling pathway, thereby affecting the proliferation, migration, and invasion of cancer cells and angiogenesis of HUVECs.

Conclusion {#S0005}
==========

Through these results, we speculate that WHSC1 might play an oncogenic role in CC and may be a potential therapeutic target for the same, and WHSC1 may achieve its role in promoting tumor progression through regulation of the eNOS signaling pathway. However, our results are limited to the level of in vitro experiments, and we will further verify them in animal experiments in the next study.

The authors are very grateful to Professor Lixue Chen of the Clinical Experimental Center of the First Affiliated Hospital of Chongqing Medical University for his careful guidance during the study.

Disclosure {#S0006}
==========

The authors report no conflicts of interest in this work.

Supplementary materials {#S0007}
=======================

Table S1The sequences of siRNA oligos against WHSC1WHSC1 siRNASequenceWHSC1-siRNA-1-F5ʹ-TGCTGTGCTGAGGAACACAGAACACTGTTTTGGCCACTGACTGACAGTGTTCTGTTCCTCAGCA-3'WHSC1-siRNA-1-R5ʹ- CCTGTGCTGAGGAACAGAACACTGTCAGTCAGTGGCCAAAACAGTGTTCTGTGTTCCTCAGCAC −3'WHSC1-siRNA-2-F5ʹ- TGCTGATGCAAGGCCACCAAGGGTAAGTTTTGGCCACTGACTGACTTACCCTTTGGCCTTGCAT −3'WHSC1-siRNA-2-R5ʹ-CCTGATGCAAGGCCAAAGGGTAAGTCAGTCAGTGGCCAAAACTTACCCTTGGTGGCCTTGCATC-3'WHSC1-siRNA-3-F5ʹ- TGCTGTTTCGTTGCTGCCTGGCTCTTGTTTTGGCCACTGACTGACAAGAGCCACAGCAACGAAA −3'WHSC1-siRNA-3-R5ʹ- CCTGTTTCGTTGCTGTGGCTCTTGTCAGTCAGTGGCCAAAACAAGAGCCAGGCAGCAACGAAAC −3'[^3] Table S2The sequences of primers usedPrimerSequenceSize (bp)WHSC1-FATTTAGCATCAAGCAGAGTCCC291WHSC1-RCGCAGTTTGGCATCGTGTAKT-FCGAGGTGCTGGAGGACAAT285AKT-RCACACGATACCGGCAAAGAAENOS-FGCCGAGGAGACTTCCGAA270ENOS-RCCAGGGCTGCAAACCACT[^4]

[^1]: **Notes:** \**P*\<0.05, \*\**P*\<0.005. +, ++ and +++ represent the intensity of the expression of WHSC1, respectively, with detailed annotations in [Figure 1A](#F0001){ref-type="fig"}. + and ++ were named low and medium expressions, +++ was high expression.

[^2]: **Abbreviation:** WHSC1, Wolf--Hirschhorn syndrome candidate 1.

[^3]: **Abbreviations:** siRNA, small interfering RNA; WHSC1, Wolf--Hirschhorn syndrome candidate 1.

[^4]: **Abbreviations:** ENOS, endothelial nitric oxide synthase; WHSC1, Wolf--Hirschhorn syndrome candidate 1.
